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Abstract 
An energy and exergy analysis of a novel solid particle solar receiver is presented based on experimental data and well-known 
correlations found in the literature. A sand sample from the deserts of the United Arab Emirates has been chosen as the solar 
absorber and heat carrier material. The intent of the receiver is to be used as a part of a sensible thermal energy storage system for 
concentrated solar power plants based upon the concept of storing solar heat in sand particles for a later discharge through a 
specific sand-steam heat exchanger. The results of the analysis indicate low efficiency figures that can be caused by 
imperfections on the experimental setup and on the original design. Several paths of improvement are discussed in conclusion. 
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1. Introduction 
A major problem that prevents solar energy from being used as a mainstream source of power is its dependence 
on intermittent solar radiation. 
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Solutions to this issue have been proposed in the form of thermal energy storage (TES) systems which can assist 
in leveling the energy output of solar plants so that they are able to provide energy at all times. TES designs can be 
classified accounting to the energy storage mechanism. A common division is to distinguish between 
thermochemical, latent and sensible heat storage [1]. This work considers a novel sensible TES system using sand 
particles as storage medium. In this method concentrated solar irradiation is used to heat sand particles for a later 
discharge through a sand-steam heat exchanger which supports a conventional Rankine power cycle [2]. 
Other solar particle receivers have been developed in the past: [3]–[6]. However, in opposition to the receiver 
analyzed here, none of them is suitable for being used in a beam-down solar power plant without using compressed 
air to suspend the particles in a cavity. Moreover, the receivers surveyed in the literature either use silicon carbide 
particles for thermal storage or are engineered for use in thermochemical storage applications.  
In the following sections a prototype for the solar receiver is presented and an energy and exergy analysis is 
performed based on experimental results conducted at the facilities of PROMES-CNRS (Procédés, Matériaux et 
Énergie Solaire, Centre National de la Recherche Scientifique) laboratory in Font-Romeu-Odeillo-Via, France [2].  
Nomenclature 
rec Solar receiver 
ܣ௜ Area of the element ‘݅’ 
κ Distance between the upper part of the receiver and the focal plane of the parabola 
ܳכԢԢ Direct Normal Irradiation 
ሶܳ ௦௨௡ Solar thermal power fed into the receiver 
ሶܳ ௟௢௦௦,௥௘௙  Thermal power lost by reflection 
ሶܳ ௟௢௦௦,௘௠ Thermal power lost by radiative emission 
ሶܳ ௟௢௦௦,௖௩  Thermal power lost by natural convection  
ߩ Reflectivity 
߳ Emissivity 
0 Ambient conditions 
2. Experimental setup 
A prototype for a sand particle solar receiver was built using stainless steel 304 L with the dimensional 
specifications shown in Fig. 1. The device was mounted on the support system of a solar parabola available at 
PROMES Laboratory and was placed under the outlet of a sand feeding tube to which a vibrator was attached to 
facilitate and control the sand flow [2]. Fig. 2 shows a picture of the overall experimental setup with a close-up of 
the solar receiver on which the sand was flowing under the concentrated solar flux of the parabola. 
 
 
Fig. 1. Dimensional specifications of the solar receiver. Dimensions are in millimeters. 
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Fig. 2. Experimental device (left) and close up of the sand solar receiver section (right) [2] 
In this arrangement, the sand was fed from a cold container to the tube while the vibrator was running at a 
constant speed controlled by an external voltage source. Solar radiation was directed to the parabola by a heliostat 
system at the outside of the building, as depicted in Fig. 3 as appears in [7]. 
 
Fig. 3. PROMES-CNRS parabolic solar 
concentrator system [7] 
Type-K thermocouples linked to a Graphtec model GL220 data logger were used to measure the temperatures at 
the upper and side surfaces of the receiver and of the hot sand as it left the system. 
Experiments were run both with and without the conical sand distributor shown in Fig. 2. In the following tables, 
those experiments where it was used are labelled with ‘A’, whereas those where it was not used are labelled with 
‘B’. 
3. Energy analysis 
The energy efficiency of the receiver has been measured in four different experiments. Furthermore, using a 
simplified heat transfer model, an attempt has been made to identify the main reasons for energy loss. 
3.1. Energy efficiency 
The energy efficiency of the receiver is calculated in the usual way. The thermal power leaving the receiver by 
mass transport in the sand flow is compared to the thermal solar power absorbed by the receiver. The criteria to 
determine the thermal power absorbed by the receiver is explained in the following paragraphs. 
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3.1.1. Solar irradiation incident on the receiver 
Solar irradiation illuminates the upper conical surface of the receiver as it is reflected by the solar concentrator 
(c.f., Fig. 3). The total radiative power being fed to the system can be expressed as: 
ሶܳ
ݏݑ݊ = ܨܣ݌ܽݎܾܽ݋݈ܽ cosߠߩ݄݈݁݅݋ݏݐܽݐߩ݌ܽݎܾܽ݋݈ܽܳכԢԢ (1) 
where ܨ  is the view factor as indicated in Fig. 4, 
ܳכԢԢ  is the Direct Normal Irradiation (DNI) in W Â m-2 
cos ߠ  is the cosine efficiency of the heliostat. 
Without further data available, both the reflectivities of the heliostat and parabola mirrors as well as the cosine 
efficiency in the current system are estimated at 0.90. In all the experiments, the setup fixes Aparabola = 3.1 m2 with a 
parabola diameter of 2 m.  
The view factor depends on the height of the moving support on which the receiver stands. Fig. 4 indicates 
the geometrical situation of the elements used to compute the view factor, which is determined by: 
ܨ = arctan(ݎ κΤ )
ߨ/3  (2) 
where the radius of the receiver is r = 59 mm, 
and κ is the distance between the upper part of the receiver and the focal plane of the solar parabola. 
 
Fig. 4. View factor calculation diagram. The red lines indicate 
the limits of the solar irradiation cone. 
3.1.2. Reflected solar irradiation 
The fraction of thermal power that is reflected out of the system is again formulated over the upper surface of the 
receiver, assuming that the reflection is only significant on the area directly illuminated by the concentrated solar 
flux. Therefore, in this model it is taken to be as: 
ሶܳ
ݎ݁ܿ,ݎ݂݁ = ሶܳ ݏݑ݊ߩݎ݁ܿ݁݅ݒ݁ݎ (3) 
where the reflectivity ߩ is assumed independent of the surface temperature of the receiver. 
A reflectivity of ߩ௥௘௖ = 0.85 [8] is chosen an approximate value. It has been considered that the surface of the 
stainless steel 304L receiver is sufficiently polished at the upper face where the concentrated solar irradiation 
impacts. 
The thermal power absorbed by the receiver is therefore obtained as ሶܳ ௥௘௖,௔௕௦ = ߙ௥௘௖ ሶܳ ௦௨௡ where ߙ௥௘௖ = 0.15 is 
the estimated weighted solar absorbance of the receiver. 
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3.1.3. Thermal power carried by mass transport 
The thermal power that leaves the system through the sand outlet is considered to be equal to the thermal power 
needed to heat the sand up to the outlet temperature. Therefore, it can be considered as ሶܳ ௦௔௡ௗ = ሶ݉ ܿ௣൫ ௦ܶ௔௡ௗ,௢௨௧ െ
௦ܶ௔௡ௗ,௜௡൯ where the specific heat capacity of the sand particles has been assumed constant for each temperature of 
the hot sand. 
Furthermore, considering that the inlet sand flow is at ambient temperature, the thermal power carried by the 
sand flow is given as: 
ሶܳ
ݏܽ݊݀ = ሶ݉ ܿ݌൫ܶݏܽ݊݀,݋ݑݐ െ ܶ0൯. (4) 
The mass flow rate is taken as mሶ = 0.3 ήs-1 [2] and the specific heat capacity of the sand as cp = 920 J Â kg-1 Â 
K-1 [9]. 
3.1.4. Calculation of energy efficiency 
The energy efficiency of the receiver is calculated using Equation 5. 
ߟூ =
ሶܳ ௦௔௡ௗ
ሶܳ௥௘௖,௔௕௦
= ሶ݉ ܿ௣൫ ௦ܶ௔௡ௗ,௢௨௧ െ ଴ܶ൯
ߙ௥௘௖(ܨܣ௣௔௥௔௕௢௟௔ cosߠ ߩ௛௘௟௜௢௦௧௔௧ߩ௣௔௥௔௕௢௟௔ܳכᇲᇲ)
 (5) 
Table 1 shows the experimental variables as read in each experiment and the resulting energy efficiency. 
Table 1. Energy efficiency of the experiments and experimental values used for its calculation 
Experiment Distance 
(mm) 
DNI 
ȋήm-2) 
View 
factor 
Expected 
total 
thermal 
input (W) 
Expected 
absorbed 
thermal 
input (W) 
Hot sand 
temperature 
(C) 
Thermal 
power carried 
by the sand 
stream (W) 
Energy 
efficiency 
A1 46.5 950 0.86 1870 281 177.6 (s. s.) 42.2 15.0 % 
A2 43.5 985 0.89 2007 301 203.7 (s. s.) 49.4 16.3 % 
B1 48.5 912 0.84 1754 263 596.5 (s. s.) 157.8 57.6 % 
B2 48.5 980 0.84 1884 283 630.5 (max.) 167.2 58.9 % 
The temperatures readings were computed as the average value reported by the thermocouples when the system 
was run at steady-state (s. s.) or otherwise the average maximum historical values whenever the steady state was not 
reached. This last assumption yields temperatures that are obviously too low for use in a steady-state analysis. 
Hence the heat loss values obtained through it are as a conservative estimation of the real situation. 
The evolution of the temperatures as reported by the data logger is displayed in Fig. 5 for the experiment A1. In 
this case it is significant to note that the average temperature of the sand at the outlet was taken as the average value 
of the two reported temperatures after 600 seconds. 
 
Fig. 5. Temperature readings of hot sand thermocouples 
at the outlet of the receiver before and during the release 
of sand from the solar receiver during experiment A1. 
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3.2. Energy losses 
It is considered that the receiver exchanges heat with its surroundings by two distinct methods: radiative heat 
exchange and natural convective heat exchange. Heat exchange through conduction is neglected due to the very 
limited surface area of the contact between the receiver and the structure that holds the experimental setup under the 
solar parabola. 
3.2.1. Radiative losses 
The radiative losses of the receiver are divided into two channels. The first accounts for the radiative thermal 
power emitted by the upper surface of the receiver under the concentrated solar flux. The second takes into account 
the radiative losses from the rest of the walls of the receiver, outside of the solar flux and therefore at a lower 
temperature. Fig. 6 shows the location of the two thermal zones considered. 
 
Fig 6. Thermal surfaces of the 
receiver 
In this case it has been assumed that the system is small in comparison to its environment (i.e., the sky for the 
irradiated surface and the laboratory for the rest of the walls) at ambient temperature. Following this, the emissive 
heat losses in each case can be put as: 
ሶܳ
݈݋ݏݏ,݁݉ = ܣ߳ߪ(ܶ4തതതതݏݑݎ݂ െ ܶ04) (6) 
where ܣ is the area of the surface under discussion in each case, 
and തܶ௦௨௥௙ is the average surface temperature of that surface. 
3.2.2. Convective heat transfer 
The convective heat losses are also modelled by considering the two zones described in Figure 5. In both cases 
the heat losses are modelled in the usual form of convective heat transfer as: 
ሶܳ
݈݋ݏݏ,ܿݒ = ܣ݄(ܶݏݑݎ݂ െ ܶ0) (7) 
where ܣ is again the surface under consideration in each case and ݄ is the corresponding heat transfer coefficient. 
The vertical walls of the receiver are considered as a vertical isothermal plate which is being cooled by natural 
convection. Using the result obtained by Squite and Eckert [10] for a vertical plate, the appropriate average Nusselt 
number is given by: 
ܰݑതതതതതܮ = 0.678ܴܽܮ0.25[ܲݎ (0.952 + PrΤ )]0.25 (8) 
with a reference temperature ( ௦ܶ௨௥௙ + ଴ܶ) 2Τ  except for the expansion coefficient ߚ  of the air which is to be 
evaluated at ଴ܶ. The reference length is taken as the height of the receiver. 
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The convection heat losses from the upper surface are modelled though the natural convection correlation 
proposed by Raithaby and Hollands [10] for a horizontal flat plate, which expresses the corresponding Nusselt 
number as: 
ܰݑܮതതതതതത = 0.14ܴܽܮ1 3Τ [(1 + 0.0107Pr ) (1 + 0.01Pr)Τ ] (9) 
where the fluid properties are evaluated at the reference temperature ௥ܶ௘௙ = ௦ܶ௨௥௙ െ 0.83( ௦ܶ௨௥௙ െ ଴ܶ)  and the 
reference length is the diameter of the receiver. 
3.2.3. Summary of energy losses 
The energy losses in each experiment calculated as shown in the previous paragraphs are shown in Table 2. The 
thermophysical properties for the air used in the correlations for natural convection have been obtained from the 
CoolProp library for MATLAB [11]. 
Table 2. Approximate energy losses of the solar receiver 
Experiment Upper side 
temperature 
(C) 
Heat transfer 
coefficient for 
losses from 
the upper side 
(W m-2 K-1) 
Convection 
losses from 
upper side 
(W) 
Wall 
temperature 
(C) 
Heat transfer 
coefficient for the 
losses from the 
walls (W m-2 K-1) 
Convection 
losses from 
the receiver 
walls (W) 
Emissive 
losses 
(W) 
Total 
thermal 
losses 
(W) 
A1 360.9 10.91 40.1 
(42.9 %) 
208.9 11.89 33.2 
(35.5 %) 
20.2 
(21.6 %) 
93.5 
(100 %) 
A2 385.9 11.13 43.9 
(38.4 %) 
253.8 12.50 43.4 
(38.4 %) 
25.7 
(22.7 %) 
113.0 
(100 %) 
B1 590.9 12.48 76.6 
(21.8 %) 
417.3  15.53 141.6 
(40.3 %) 
133.0 
(37.9 %) 
351.2 
(100 %) 
B2 586.4 12.51 77.4 
(32.1 %) 
624.9 14.13 84.2 
(35.0 %) 
79.4 
(32.9 %) 
241.0 
(100 %) 
3.2.4. Energy balance 
In order to inspect the quality of the approach used in this work to model the thermal system, an energy balance 
is presented in Table 3 for each case accounting for the thermal power losses that are not predicted by the 
correlations used in the model. 
The energy input considered here is the total solar irradiation leaving the concentrator minus the reflected 
irradiation from the receiver. The unaccounted losses computed as the difference between the energy input and the 
combined value of the thermal power carried by the sand stream and the convective/radiative energy losses. 
Negative values indicate that the thermal model has overpredicted the thermal losses in the experiment. 
Table 3. Energy balance 
Experiment Power 
input (W) 
Thermal power 
carried by the 
sand stream (W) 
Energy 
losses (W) 
Unaccounted 
losses (W) 
Percentage of 
balance error to 
power input  
A1 281.4 42.2 93.5 145.7 51.5 % 
A2 302.3 49.4 113.0 139.9 46.3 % 
B1 274.1 157.8 351.2 -234.9 - 85.6 % 
B2 283.7 167.2 241.0 -124.5 - 45.9 % 
The large differences in the reported values can be explained by the inherent error assumed by the simplifications 
used in this analysis. Also, the errors that appear in the use of correlations and the conduction to the metallic support 
that holds the experiment under the solar parabola would need to be taken into account. 
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4. Exergy analysis 
In order to perform the exergy analysis of the receiver system, it has been assumed that the steady-state 
operation has been reached and that therefore the respective Second Law formulations can be used. In this case the 
exergy balance of the system can be laid as follows [12]:  
Ȳሶ ௛௘௔௧ െ Ȳሶ ௪௢௥௞ +Ȳሶ ௠௔௦௦ = Ȳሶ ௗ௘௦௧௥ (10) 
As in the usual analysis, the exergy exchange under the form of heat transfer is expressed as: 
Ȳሶ ௛௘௔௧ =෍൬1 െ ଴ܶ
௜ܶ
൰ ሶܳ ௜
௜
 (11) 
where the subindex ݅ refers to all the surfaces of the system where a heat exchange is occurring. 
The work exergy exchange in this case can be neglected, as the receiver does not perform any work. 
The exergy exchange by means of mass (i.e., sand) transport is expressed as: 
Ȳሶ ௦௔௡ௗ =෍ ሶ݉௝[ ௝݄ െ ݄଴ െ ଴ܶ(ݏ௝ െ ݏ଴)
௝
] (12) 
where the sign of the mass flow rate ሶ݉ ௝ is taken as positive for inbound mass flows and negative for outbound 
flows. 
Finally, the exergy destruction rate is noted by Ȳሶ ௗ௘௦௧௥ . The ambient conditions, noted by the subindex zero as 
usual, are taken to be at the room conditions (i.e., temperature ଴ܶ = 298 K and pressure ଴ܲ = 101 325 Pa). 
4.1. Exergy from solar irradiation 
According to Bejan et al. [13], citing Petela [14] for a more detailed derivation, the equivalent temperature of the 
sun for use in an exergetic analysis can be assumed as ௦ܶ௨௡ = 4500 K as an appropriate approximation. 
Therefore, in this work, the solar exergy input rate is considered as: 
Ȳሶ ௛௘௔௧,௦௢௟௔௥ = ൬1 െ ଴ܶ
௦ܶ௨௡
൰ ሶܳ௥௘௖,௔௕௦ (13) 
4.2. Exergy from mass transport 
The exergy being transported by the sand flux as it enters or leaves the system can generally be expressed as: 
Ȳሶ ୫ୟୱୱ = ሶ݉ [݄ െ ݄଴ െ ଴ܶ(ݏ െ ݏ଴)] (14) 
where the mass flow rate ሶ݉  is to be taken positive for entering mass fluxes and negative for the leaving fluxes. 
Following the indications of Hepbasli [12] if the sand is treated as an incompressible media and its moisture content 
is neglected, an appropriate expression for the exergy content of the flux is: 
Ȳሶ ୫ୟୱୱ = ሶ݉ ܿ௣ ൬ܶ െ ଴ܶ െ ଴ܶln
ܶ
଴ܶ
൰ (15) 
4.3. Exergy balance 
Table 4 summarizes the distribution of exergy flows for each experiment. 
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Table 4. Exergy fluxes within the solar receiver 
Experiment Ȳሶ ௦௨௡ (W) Ȳሶ ௖௩ (W) Ȳሶ ௥௔ௗ (W) Ȳሶ ௠௔௦௦ (W) Ȳሶ ௗ௘௦௧௥ (W) 
A1 262.8 33.9 9.8 8.1 210.9 
A2 282.2 42.9 13.1 10.7 215.5 
B1 255.9 144.6 88.1 69.7 (-46.5) 
B2 264.9 98.6 49.6 75.9 40.8 
In these results the exergy destruction rate for experiment B1 has been found to be negative. This can be 
explained by an overestimation of the heat loss by natural convection. Faulty measurements of the surface 
temperature of the receiver or overestimation the heat transfer coefficient are likely to be the origin of this finding. 
This observation reminds that the results reported here can only be considered as a first approximation of the 
physical situation. 
4.4. Second Law efficiency 
The Second Law efficiency of the solar receiver is computed by comparing the exergy flows described above. 
The approach followed in this work has been to calculate the ratio between the exergy of the outbound flow of 
sand to the total input of exergy (i.e., the exergy carried by the concentrated solar flux, neglecting the exergy of the 
incoming sand at ambient temperature). In mathematical terms this efficiency can be expressed as 
ߟ = Ȳሶ ୱୟ୬ୢ,୭୳୲ Ȳሶ ୱ୳୬Τ . Otherwise, as a function of the measured temperatures during the experiments: 
  ߟ =
ሶ݉ ܿ௣ ൬ ௦ܶ௔௡ௗ,௢௨௧ െ ଴ܶ െ ଴ܶln ௦ܶ௔௡ௗ,௢௨௧
଴ܶ
൰
ቀ1െ ଴ܶ
௦ܶ௨௡
ቁ ሶܳ ௥௘௖,௔௕௦
 (16) 
The Second Law efficiencies as described above in Equation (17) for each case are reported in Table 5 as a 
function of the distance to the focal point. 
Table 5. First and Second Law efficiencies at different distances from the focal point of the parabola 
Experiment Energy 
efficiency 
Exergy 
efficiency 
A1 15.0 % 3.09 % 
A2 16.3 % 3.79 % 
B1 57.6 % 27.2 % 
B2 58.9 % 28.7 % 
5. Conclusion 
The conical sand distributor has a major influence on the energy and exergy efficiency of the solar receiver. It has 
been found that its removal increases more than three times the energy efficiency values and more than five times 
the exergy efficiency figures. Without the distributor, the energy efficiency of the receiver is similar to the values 
computed for the falling particles receiver developed at Sandia National Laboratories [15] (i. e., greater than 50 %). 
The negative influence of the sand distributor on the efficiency results could be due to the increased exposure to 
wind that it gives to the sand particles. When the flow of sand is splitted in all directions by the cone, the particle 
density is greatly minimized and so each particle is more sensitive to convective heat loss to the ambient air. This 
leads ultimately to lower sand particle temperatures at the outlet of the receiver. However, if the sand flow is 
allowed to fall directly on the receiver in a more compact stream the results show fewer heat losses. 
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Faulty temperature measurements also have a negative impact on the reported efficiencies. The setup used to 
measure the temperature of the hot sand at the outlet of the receiver might have reported values well below the 
actual temperature of the flow. Also, it is important to highlight that some measurements were not made at the 
steady state of the system. 
Several recommendations follow from this experience. First, it is necessary to reduce the influence of the wind 
over the flow of the sand, independently of the presence of the distributor. In this direction, a similar solution to the 
aerowindow proposed for the falling-particle receiver at Sandia National Laboratories might be of interest [16]. 
Secondly, the temperature of the hot sand outlet needs to be measured in a more reliable manner. Obtaining samples 
from the recovery tank or multiplying the number of thermocouples in use might be a convenient solution. Finally, 
more accurate methods should be used to estimate the heat losses by natural convection from the receiver. In this 
direction, a computational fluid mechanics model could be used. 
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